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Background: The periplasmic nitrate reductase (NAP) from the sulphate
reducing bacterium Desulfovibrio desulfuricans ATCC 27774 is induced by
growth on nitrate and catalyses the reduction of nitrate to nitrite for respiration.
NAP is a molybdenum-containing enzyme with one bis-molybdopterin guanine
dinucleotide (MGD) cofactor and one [4Fe–4S] cluster in a single polypeptide
chain of 723 amino acid residues. To date, there is no crystal structure of a
nitrate reductase.
Results: The first crystal structure of a dissimilatory (respiratory) nitrate
reductase was determined at 1.9 Å resolution by multiwavelength anomalous
diffraction (MAD) methods. The structure is folded into four domains with an
α/β-type topology and all four domains are involved in cofactor binding. The
[4Fe–4S] centre is located near the periphery of the molecule, whereas the
MGD cofactor extends across the interior of the molecule interacting with
residues from all four domains. The molybdenum atom is located at the bottom
of a 15 Å deep crevice, and is positioned 12 Å from the [4Fe–4S] cluster. The
structure of NAP reveals the details of the catalytic molybdenum site, which is
coordinated to two MGD cofactors, Cys140, and a water/hydroxo ligand. A
facile electron-transfer pathway through bonds connects the molybdenum and
the [4Fe–4S] cluster.
Conclusions: The polypeptide fold of NAP and the arrangement of the
cofactors is related to that of Escherichia coli formate dehydrogenase (FDH)
and distantly resembles dimethylsulphoxide reductase. The close structural
homology of NAP and FDH shows how small changes in the vicinity of the
molybdenum catalytic site are sufficient for the substrate specificity.
Introduction
Nitrate reductases are widespread in both eukaryotes and
prokaryotes and have a very important role in nitrogen
assimilation [1,2] and dissimilation [3]. These enzymes
catalyse the reaction [4]:
NO3– + 2e– + 2H+ ↔ NO2– + H2O (E0′ = +420 mV)
Nitrate reductases are diverse enzymes, in terms of active-
site constitution, subunit structure and cell localisation.
Many enzymes from different sources have been studied
and characterised and all of them are molybdenum-con-
taining enzymes.
Only a few sulfate-reducing bacteria (SRB) have the
capacity to grow on nitrate. It was discovered that the
nitrate reduction to ammonia is a respiratory process
coupled to electron transport phosphorylation. The ability
to carry out this process has been demonstrated for several
genera: Desulfovibrio [5–10], Desulfobacterium [11], Desulfob-
ulbus [12] and Desulfomonas [13].
We have previously reported the purification and charac-
terisation of the periplasmic nitrate reductase (NAP) from
Desulfovibrio desulfuricans ATCC 27774 [14,15]. The enzyme
is monomeric and has a molecular mass of 80 kDa. NAP has
a specific activity of 18.6 U mg–1 and was shown to be
induced during cell growth in nitrate media [14]. It is the
simplest nitrate reductase in terms of active-site constitu-
tion, as no haems or flavin were detected. The enzyme
activity was shown to be strongly dependent on ionic
strength and cation/anion activity responses were detected
[15]. NAP has a very small formate dehydrogenase (FDH)
specific activity of only 0.8 × 10–3 U mg–1, as compared to
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the nitrate reductase specific activity of 18.6 U mg–1 [15]. In
addition, one cannot see a marked inhibition effect of
nitrate reductase activity by formate. Therefore, it is clear
that minor (or secondary) activities are not significant and
do not make an important contribution to D. desulfuricans
metabolism. These data are consistent with results from an
isolated and characterised FDH from D. desulfuricans, which
presents an FDH specific activity of 78 U mg–1; this enzyme
also catalyses the reduction of nitrate to nitrite, but with a
very small activity of 1.33 × 10–4 U mg–1 [16].
The N-terminal amino acid sequence of NAP contains a
cysteine motif (Cys-X2-Cys-X3) involved in the coordina-
tion of the [4Fe–4S] cluster [14]. In addition, the enzyme
contains a molybdopterin cofactor capable of activation of
apo nit-1 nitrate reductase from Neurospora crassa [14].
The molybdenum cofactor was characterised and quanti-
fied as one bis-molybdopterin guanine dinucleotide cofac-
tor (MGD) per mole of protein [15].
The crystal structures of five molybdopterin-containing
enzymes have been reported in the past three years (for
reviews see [17–19]): the aldehyde oxidoreductase from
Desulfovibrio gigas (MOP) [20], dimethylsulphoxide reduc-
tase (DMSOR) from Rhodobacter sphaeroides [21] and Rhodo-
bacter capsulatus [22], FDH from Escherichia coli [23], and
chicken liver sulphite oxidase [24]. In addition, the struc-
ture of a tungsten-containing aldehyde oxidoreductase from
Pyrococcus furiosus (AOR) was reported [25]. No three-
dimensional structure is available for a nitrate reductase,
except for the recombinant FAD-containing fragment of
the corn nitrate reductase [26].
We report here the structure of the dissimilatory periplas-
mic nitrate reductase from D. desulfuricans ATCC 27774
at 1.9 Å resolution. This is one of the largest protein
structures solved using the multiple anomalous dispersion
(MAD) method as the only source of phasing information.
Comparisons are made with the related structure of FDH
from E. coli [23] and the structures of DMSO reductases
from Rhodobacter [21,22].
Results and discussion
MAD phasing and positioning of the [4Fe–4S] cluster
The crystal structure of NAP was solved by the MAD
technique using anomalous dispersion in the vicinity of
the K edge of the iron atoms of the [4Fe–4S] cluster.
Anomalous scattering of the molybdenum atom of the
molybdopterin cofactor also contributed to the phase
information. The exact energetic location of the absorp-
tion edge was derived from X-ray fluorescence measure-
ments of the sample crystal. Complete and accurate
diffraction data were collected at three different wave-
lengths and used for MAD phasing up to 2.27 Å (Table 1).
In a first step, diffraction data of the Bijvöet pairs were
measured at two wavelengths corresponding to maximum
f′′ (λ = 1.7219 Å; E = 7200 eV) and minimum f′ (λ = 1.7389 Å;
7130 eV), respectively. As no white lines were present in
the absorption scan, the f′′ wavelength was chosen rela-
tively distant from the absorption edge in order to max-
imise the dispersive differences between these two data
sets. The data from these two wavelengths already pro-
vided strong anomalous and dispersive differences as
proven by strong Patterson peaks for the centre of gravity
of the [4Fe–4S] cluster. In a second step, diffraction data
for Bijvöet pairs were recorded at a third wavelength
(λ = 1.1 Å; E = 11271 eV) to a resolution of 1.75 Å. These
data provided the reference data set for scaling, for maximal
dispersive differences to the minimum f′ data set, and
were used for the refinement of the structure. It was possi-
ble to determine the coordinates for the centre of gravity
of the [4Fe–4S] cluster, but despite the very strong anom-
alous and dispersive differences present in the three data
sets, it was not possible to resolve the coordinates of the
four individual iron atoms in this cluster.
The orientation of the cluster (i.e. the exact coordinates of
the four iron atoms) was determined in a three-dimen-
sional grid search using rigid-body Patterson refinement
[27] and a [4Fe–4S] model positioned at the established
centre of gravity for this cluster. Only when the dispersive
differences between the minimum f′ and the reference
data set were used, did this search result in several tightly
clustered orientations, which corresponded to virtually
identical coordinates for the four iron atoms. The proper
orientation of the cluster could not be determined from
the anomalous differences (maximum f′′ data set), which
is consistent with the higher noise in these data.
The determination of the [4Fe–4S] cluster orientation was
crucial for the MAD phasing of NAP, and using the four
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Table 1
MAD data statistics.
Dataset λ dmin Reflections I/σ(I) Completeness (%) Rmerge
(Å) (Å) Measured Unique (overall/last shell) (overall/last shell) (overall/last shell)
λ1 1.100 1.90 1,048,219 69,767 25.9/4.0 98.1/93.5 5.3/43.6
λ2 1.7389 2.27 408,339 41,248 28.0/7.2 98.4/91.2 4.5/17.7
λ3 1.7219 2.27 384,420 41,288 22.6/7.3 98.8/98.0 5.4/18.2
iron atom positions as phasing information the position of
the molybdenum atom was also clearly identified. The
subsequent calculation of MAD phases was carried out
with the positions of the four iron atoms as well as of the
molybdenum atom and using all diffraction data up to
2.27 Å. The initial electron-density maps calculated using
these phases were of good quality, despite the relatively
weak anomalous effects of the four reference scatterers
with maximum anomalous and dispersive effects of about
five e– each per 723 amino acid residues.
Model building and refinement
Density modification procedures gave well-defined elec-
tron-density maps and improved the overall figure of
merit from 0.34 to 0.80. In these maps (Figure 1) it was
possible to identify both molybdopterin cofactors bound
to the molybdenum atom as well as the four cysteine
residues coordinating the [4Fe–4S] cluster.
This first electron-density map was skeletonised using
the option bones in MAPMAN [28], and an initial model
was built in first with the program O [29] and later with
FRODO [30].
Refinement of the initial polyalanine model with X-PLOR
[31] using the Engh and Huber Cambridge Structural Data-
base derived parameters [32] gave an initial free R factor of
0.467 (calculated using 5% of randomly chosen data omitted
from the refinement) and an R factor of 0.434.
During the first stages of model building the amino acid
sequence of NAP was unknown, therefore some residues
were built in after inspection of the electron-density maps
and on the basis of comparisons to a sequence alignment of
similar nitrate reductases (NAPA from E. coli [Swiss-Prot
P33937] and NAPA from Alcaligenes eutrophus [Swiss-Prot
P39185]), formate dehydrogenases (FDHA from Methano-
bacterium formicicum [Swiss-Prot P06131] and FDHA from
E. coli [Swiss-Prot P07658]) and other nitrate reductases
obtained from the Swiss-Prot database (Figure 2).
In some regions of the structure, the quality of the elec-
tron-density maps (Figure 1) allowed us to build a crystal-
lographic partial sequence, from which primers for DNA
sequencing by the polymerase chain reaction (PCR)
method were constructed. The PCR-derived partial amino
acid sequences were fitted into the experimental electron
density and errors in the tentative X-ray sequence were
gradually corrected. As the refinement of the structure
proceeded, more segments of the sequence were deter-
mined, included in the structure, and refined. On the
basis of the first peptide sequence, internal primers were
constructed for reverse PCR, leading to the determination
of the whole sequence. The sequence was finally con-
firmed after cloning and DNA sequence analysis, as
described in the Materials and methods section.
In parallel to the sequence determination, anomalous dif-
ference maps were calculated using the anomalous signal
for the three separated wavelengths using MAD phases
with and without combined phases from the current prelim-
inary model. As expected, these maps revealed the posi-
tions of the scatterers with strong anomalous dispersion
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Figure 1
Improvement of electron density around the molybdopterin cofactor.
(a) Experimental MAD electron-density map contoured at 1.0σ, at 2.27 Å
resolution around the molybdenum atom and the two MGD cofactors. The
map was phased with SHARP [67]. (b) SOLOMON [68] modified MAD
phases contoured at 1.0σ, at 2.27 Å resolution. (c) Simulated annealing
omit electron-density map contoured at 1.0σ, at 1.9 Å resolution, and
superimposed with the final refined model. The molybdenum atom is
shown as a purple sphere. (Figures (a) and (b) were prepared with the
program MAIN [72] and (c) was prepared with TURBO-FRODO [33].)
(Fe and Mo) and also confirmed the phosphorous positions
of the MGD cofactor as well as most of the sulphur atoms.
The exceptions were those sulphurs in the vicinity of the
Fe and Mo atoms, where the diffraction ripples masked the
sulphur contribution. The positions of the sulphur atoms
were in agreement with those of the cysteine and methion-
ine residues, as determined from the PCR sequence. These
calculations were particularly helpful in stages where the
sequence was still unknown or not very clear.
Refinement proceeded with cycles of positional and indi-
vidual B-factor refinement alternating with model building,
first using the program O [29] and later with TURBO-
FRODO [33], visual inspection of the maps and sequence
analysis. At earlier stages, phase combination proved to be
useful and was maintained for the calculation of maps.
Phase combination of model and initial MAD phases was
performed using SFALL [34] and SIGMAA [35] from the
CCP4 suite of programs [36], and provided better electron-
density maps. The program DM [37] was also applied after
phase combination, giving clearer maps after density modi-
fication and solvent-flattening procedures. The improve-
ment of the quality of the model was monitored throughout
the refinement with PROCHECK [38] and OOPS [39]. At
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Figure 2
Multiple sequence alignment of bacterial
nitrate reductases and formate
dehydrogenases. Five sequences are aligned:
napa_ddesulf (nitrate reductase from
Desulfovibrio desulfuricans, EMBL accession
code Y18045); napa_ecoli (nitrate reductase
from Escherichia coli, Swiss-Prot accession
number P33937); napa_alceu (nitrate
reductase from Alcaligenes eutrophus, Swiss-
Prot accession number P39185);
for_methano (FDH from Methanobacterium
formicicum, Swiss-Prot accession number
P06131); and for_ecoli (FDH from
Escherichia coli, Swiss-Prot accession
number P07658). The most conserved
residue for each position (with emphasis on
the top sequences, where several residues at
one position are equally conserved) is shown
shaded grey. Cysteine residues binding to the
[4Fe–4S] cluster and to the MGD cofactor
are shown as white letters on a black
background and the oxidised methionine
residue Met308 is indicated by l. The
secondary structure elements are shown
below the sequences with arrows for β sheets
and tubes for α helices. The cleavage site for
the signal peptide is indicated by a black
triangle. The numbering refers to the
sequence of D. desulfuricans NAP starting
with residue one for the first residue of the
maturated protein and numbering the
presequence with –1 to –32. (The figure was
produced with the program pileup of the
GCG package [73] and ALSCRIPT [74].)
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later stages of the refinement we followed a simulated-
annealing strategy and from then on no cut-off to exclude
weak or low-resolution reflections was applied. In order
to include low-resolution data, a bulk-solvent correction
scheme was used, employing the ‘solmask’ option in
X-PLOR (Ksol = 0.33, solrad = 0.25 Å, B = 50 Å2). The final
model was refined using all data from 20 to 1.9 Å resolution.
The overall map quality improved and 596 water molecules
were progressively added to the model, being placed in
stereochemically reasonable positions when the electron
density was present in Fo–Fc (>2.8σ level) and 2Fo–Fc (1σ
level) maps. The refinement proceeded with X-PLOR
using the option SWAT to model the diffuse solvent. After
the addition of solvent molecules, the R factor dropped to
21.8% with a final R free of 26.7% (see Table 2).
A helix segment in domain IV comprising residues 648–
654, which is solvent exposed and presents high B-factor
values, had no electron density in the first maps. This
segment was visible, however, in the experimental MAD
phased maps. As the quality of the model improved,
residues 648–654 showed up in density but the high
B factors suggested its mobility in the crystal structure.
The stereochemistry of the final model is good with 87.1%
of all residues in most favoured regions of the Ramachan-
dran plot and only three residues, Glu156, His623 and
Trp464, in disallowed regions. However, these three
residues have very well defined electron density and are
close to the metal cofactors: Glu156 is close to Arg354 and
is part of a cluster of polar residues found in the pathway
from the surface to the active site (see below); His623 is
very close to the molybdenum site with its NE2 atom only
2.8 Å away from the dithiolene S7′ MGD 812, forming an
NH–S hydrogen bond; and Trp464 NE1 makes a hydro-
gen bond to the carbonyl oxygen atom of Val12, a loop
residue that precedes Cys13 one of the Fe–S cluster
ligands (Val12-Cys-Arg-Tyr-Cys). The overall quality of
the final model and refinement parameters are sum-
marised in Table 2.
Structure description
The overall shape of the NAP molecule is ellipsoidal
with approximate dimensions of 65 Å × 65 Å × 50 Å. The
protein is heart-shaped and its shorter dimension coin-
cides with the direction of the cavity which leads to the
active site (see below). A stereoview of the overall struc-
ture of NAP is given in Figure 3, where different colours
correspond to the classification of its topology into differ-
ent domains. The NAP polypeptide fold is of the α/β-type
and is organised into four domains, two of which (domains
I and II) are formed by noncontiguous stretches of the
polypeptide chain. All four domains are involved to vari-
able extents in cofactor binding and, while the [4Fe–4S]
centre is located at the periphery of the molecule in
domain I, the MGD molybdenum cofactor is extended
across the interior of the molecule and interacts with
residues from all four domains (Figure 4).
Domain I is defined by three segments, residues 4–61,
464–492 and 517–561, and binds the [4Fe–4S] cluster close
to the N terminus of the protein, Cys13-X2-Cys16-X3-Cys20-
X24-Cys45. This domain is an α/β structure composed of
two small subdomains, one formed by five antiparallel
β strands with two helices on one side, and the other con-
sisting of five additional short β strands flanked by two
small helices. Domain II also consists of three noncontigu-
ous polypeptides, residues 62–135, 347–463 and 493–516,
whereas domain III extends from residues 136–346. Both
domains II and III have a very similar α/β fold, with a paral-
lel β-pleated sheet in the middle packed by helices on
either side. In domain II there are six β strands, five of
which are parallel. The β sheet is flanked by two helices on
one side, which run parallel to the strands direction, and by
four helices on the opposite face: two are parallel to the
β sheet and two make an angle of ~60º with the strands.
The central feature of domain III also comprises a five-
stranded parallel β sheet, flanked on one side by one paral-
lel helix and on the other side by four helices also parallel
to the strands direction. Against these helices pack three
further helices, and two separate β strands complete this
domain. The similar topology of the cores of domains II and
III shows a resemblance to the typical NAD-binding fold
of dehydrogenases [40]. A superposition of the cores of
domain II (212 residues) and domain III (210 residues) gave
a root mean square (rms) deviation of 3.1 Å for 173 Cα
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Table 2
Refinement parameters and statistics for the NAP model.
No. of unique reflections used in
refinement with F ≥ 2σ (20.0 to 1.90 Å) 66,804
R factor of the final model (20.0 to 1.90 Å) 21.8
Free R factor* 26.7
Standard deviation from target values
bond lengths (Å) 0.01
bond angles (°) 2.01
No. of nonhydrogen protein atoms
(720 residues out of 723) 5587
No. of nonhydrogen cofactor atoms
(2 MGD = 1 Mo + 4 Fe + 4 S atoms) 104
No. of nonhydrogen solvent atoms
(596 waters + 1 MES molecule) 608
Temperature factors (Å2)
average for all nonhydrogen atoms 36.5
average for protein atoms 35.8
average for cofactor atoms 27.9
average for solvent molecules 44.3
Ramachandran plot
most favoured regions 529 (87.1%)
additional allowed regions 71 (11.7%)
generously allowed regions 4 (0.7%)
disallowed regions 3 (0.5%)
*Calculated using a test set containing 5% of the reflections randomly
chosen (4252 reflections).
atoms, which reflects the structural similarity of these
domains. The amino acid sequence homology between
these two domains is only 25%, with 15% identity. The
C-terminal domain IV comprises residues 562–723, being
sequentially placed after domain I to which it is connected
by a long irregular segment. After this segment the domain
folds into a β barrel, defined by three antiparallel β strands
on one side and four mixed parallel/antiparallel β strands
on the other. One short exposed helix (helix 648–654, which
is disordered in the structure) shields the barrel sideways
from the solvent.
The global arrangement of the four domains shows a clear
twofold pseudo-symmetry. This relationship is particularly
valid for domains II and III and the way in which they
bind the guanosine moiety of each of the MGD cofactors
at the carboxyl ends of the central strands. The spatial
arrangement of domains II and III creates an incision on
one side of the NAP molecule, which is, funnel-like,
focussed towards the molybdenum centre located ~15 Å
below the molecular surface (Figure 3). The hydroxo/water
ligand of the molybdenum points in the direction of this
channel, which is coated with a few clustered charged
residues (Arg354, Asp155, Glu156 and Asp355) in the inner
part, as well as by some hydrophobic residues (Ala142,
Val145, Val149, Leu359 and Leu362) in the outer part of
the cavity. Looking from the surface to the metal, Arg354
lies almost above the catalytic site. The charged residues, in
particular the positively charged Arg354, may provide a suit-
able environment for binding nitrate.
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Figure 3
The overall fold of NAP. (a) Stereoview of the
structure of NAP from Desulfovibrio
desulfuricans ATCC 27774 with the different
domains coloured: domain I (residues 4–61,
464–492 and 517–561) in red; domain II
(residues 62–135, 347–463 and 493–516)
in green; domain III (residues 136–346) in
yellow; and domain IV (residues 562–723) in
blue. The funnel-like cavity, which provides
access to the molybdenum catalytic site, can
be seen on the upper part of the molecule
between domains II and III. (b) Stereoview Cα
trace of NAP for domains I and III with
residues labelled. (c) Stereoview Cα trace of
NAP for domains II and IV with residues
labelled. The MGD cofactors and the
[4Fe–4S] cluster are shown in ball-and-stick
representation. (Figures were prepared with
the programs MOLSCRIPT [75] and
Raster-3D [76].)
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Both MGD cofactors are deeply buried in the interior of
the molecule and are stabilised by hydrogen-bond interac-
tions to numerous residues from all four domains, as well
as by a few internal water molecules. As depicted in
Figure 4, MGD 812 contacts residues from domains III
and IV only. MGD 811 is held in the centre of the mol-
ecule through interactions with residues from domains I
and II as well as from domain IV, which acts as a lid over
domains II and III protruding as a 50 amino acid residue
long segment with no regular secondary structure.
Metal cofactors
The whole molybdenum cofactor with the two MGD mol-
ecules extends along the interior of the NAP molecule
with a maximum distance of 32 Å between the carbonyl
oxygen atoms of the two guanines. As observed in all five
known molybdopterin-containing structures [20–25, 41],
in NAP the pterin ring system is tricyclic with a pyran ring
fused to the pterin system and the chirality of carbon
atoms 6, 7 and 3′ is in the R configuration. Due to this
stereochemistry, the tilting of 30º to 40º of the pyran ring
in relation to the pyrazine ring system is also maintained
in all these structures. Both MGD 811 and 812 are asym-
metrically located within the protein, as depicted in
Figure 4. In addition to the numerous hydrogen bonds,
the pyrazine pterin system from MGD 811 is stacked
between Tyr713 and Phe689, while the other pterin
system MGD 812 is flanked by the sidechains of Arg617
and Trp622, the latter ring system being almost at a right
angle to the pterin pyrazine structure.
The molybdenum atom is located at the bottom of the deep
crevice 12 Å away from the closest iron atom of the
[4Fe–4S] cluster. In analogy to what is observed in the
other molybdopterin-containing enzymes (MOP and FDH),
there is a possible electron-transfer pathway through bonds
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Figure 4
Schematic representation of the hydrogen-
bond interactions of the MGD2 Mo cofactor
with surrounding protein residues or buried
water molecules. Hydrogen bonds are shown
as dashed lines. (Figure prepared with the
programs HBPLUS [70] and LIGPLOT [71].)
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connecting the molybdenum and iron centres. In NAP, the
pathway is through the NH2 group of the partially conju-
gated pterin system directly to Lys49 (Lys44 in FDH)
(NH2–NZ Lys49 distance is 3.2 Å). An alternative pathway
would be through N1 of the pterin system and mediated by
a water molecule (N1–Wat1080 and Wat1080–NZ Lys49
distances are 2.9 Å and 2.8 Å, respectively). Lys49 mediates
the contact to sulphur S3 of the relatively exposed [4Fe–4S]
cluster at a distance of 4.4 Å.
As in other redox proteins of known structure, in the NAP
molecule the metal cofactors are properly aligned and close
enough such that electrons can flow through the protein to
an external physiological electron acceptor/donor: in MOP,
MCD→[2Fe–2S]b→[2Fe–2S]a, and in NAP and FDH,
MGD→Lys→[4Fe–4S]. 
Comparison of NAP with other molybdopterin-containing
enzymes
The crystal structure of NAP is the sixth representative of a
molybdopterin-containing enzyme to be determined (for
reviews see [17,19]). On the basis of similar spectroscopic
and biochemical features, the molybdenum oxotransferases
have been grouped into three classes [43,44]. While MOP
is still the only structural representative of the first class
(the xanthine oxidase family) [17,18], DMSOR, FDH and
NAP have been classified as belonging to the second class
(the DMSOR family) and share many common structural
features. Sulphite oxidase [24] belongs to the third class
and is a model for the assimilatory nitrate reductases, also
included in this family of enzymes. In general terms, all
three classes of enzymes  possess two MGD cofactors coor-
dinated to the molybdenum atom plus an amino acid
ligand that can be either a serine (in the DMSORs), a
selenocysteine (in FDH) or a cysteine (in NAP). In all three
classes of enzyme, oxo and/or hydroxo/water ligands fulfil
the coordination sphere of molybdenum. These enzymes
show a similar fold, which is particularly evident in the case
of FDH in comparison to NAP (with the exception of a
long C-terminal helix that is only present in the FDH struc-
ture; Figure 5). In fact, a superposition of 648 Cα atoms of
NAP with FDH gives an rms deviation of only 1.47 Å. This
is not surprising due to the high degree of primary sequence
identity (33%) and similarity (43%) between NAP and
FDHs (Figure 2) and because of the identical cofactors
present in NAP and FDH: two MGDs and one [4Fe–4S]
cluster that interact extensively with protein sidechains.
Differences in the structures that account for their different
substrate specificity are local: in the vicinity of the molyb-
denum active site and in the cavity providing passage for
substrate molecules. NAP exhibits a less pronounced simi-
larity to the topology of DMSOR, which also has a four-
domain structure. The primary sequence homology between
NAP and DMSOR from R. capsulatus is significant, not
along the whole sequence but from NAP position 229 to
507 where 28.7% identity and 34.9% similarity is found.
Catalytic site and putative reaction mechanism
The molybdenum active site is accessible from the surface
through the funnel-like cavity (a structural feature also
common to the other molybdopterin-containing enzymes).
The cavity is defined by residues from domains II and III
and the substrate nitrate is presumably anchored by inter-
action with Arg354.
In the active-site cavity there is no electron density for
ordered water molecules, but it is easily accessible and
could accommodate one or more water molecules required
as proton donors during the catalytic turnover. The entrance
from the wider part of the tunnel leading to the molybde-
num is coated with polar charged residues: Arg354 and
Asp155 point downwards and form a salt bridge, Glu156 (a
Ramachandran outlier) and Asp355 are at mid height.
Towards the surface there is a patch of hydrophobic
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Figure 5
Stereoview superposition of the three-
dimensional structures of NAP (in green) and
FDH (in red). The NAP cofactors are
represented in yellow and the FDH cofactors
in white; the C termini are indicated. (Figure
prepared with the programs MOLSCRIPT
[75] and Raster-3D [76].)
residues, Ala142, Val145, Val149, Leu359 and Leu362.
Several ordered water molecules are found in the wide-
open part of the cavity and contact the bulk solvent. In
this exposed region, a 2-(N-morpholino)ethane sulphonic
acid (MES) buffer molecule, from the crystallisation
buffer, was modelled with its sulphonate group pointing
towards the interior of the tunnel being stabilised by one
water molecule and by electrostatic interactions with the
positively charged Arg138.
In the oxidised form of the enzyme, which was analysed,
MoVI is coordinated by six ligands in a distorted trigonal
prismatic geometry. Four ligands are provided by the two
dithiolene sulphur atoms of MGD 811 and MGD 812, with
the sulphur atoms approximately equidistant from the
metal atom (Mo–S bond distances range from 2.2–2.4 Å). A
fifth ligand is the sidechain of Cys140 from domain III
(Mo–S distance of 2.5 Å). A hydroxo/water ligand (Mo–OH2
distance ~2.2 Å) completes the sixfold coordination around
the molybdenum. The metal atom deviates ~0.7 Å from the
mean plane defined by the four dithiolene sulphur atoms,
similar to model compounds [45,46]. The only possible
hydrogen bond to the oxygen ligand (OJ) would be made
with the sidechain of Gln346 (a residue conserved within
the family of nitrate reductases and FDHs; see Figure 2),
but the distance of 3.5 Å OJ–NE2 Gln346 is too long for a
hydrogen-bond interaction. With the exception of the
oxygen ligand, the metal coordination is in agreement with
extended X-ray absorption fine structure (EXAFS) spec-
troscopy at the Mo-K edge on NAP (G George, personal
communication). These data suggested a distance of 1.92 Å
assigned to a Mo–OH bond. In the crystallographic refine-
ment, angles and bond distances involving the molybde-
num were only weakly restrained and the Mo–OJ distance
refined to a value of 2.1 Å, suggesting a water ligand. Data
from model compounds in the literature indicate, for
Mo–OH bonds, typical values in the range of 1.83 Å [47] to
1.98 Å [48] (mean value around 1.9 Å), while the average
distance for a Mo–OH2 bond has a wider distribution and
is around 2.10 Å to 2.30 Å (range found for 60 different
aqua-molybdenum compounds in a Cambridge Structural
Database [CSD] search) [49]. However, at the present reso-
lution, it is not possible to distinguish between a water or a
hydroxo ligand.
Close to the molybdenum site is Met308, which, in the
latter stages of the refinement, showed pronounced resid-
ual electron density around the sulphur atom in differ-
ence maps contoured at 3.5σ. This observation suggested
that oxidation of the methionine had taken place. This
residue was therefore modelled as a methionine sulph-
oxide. It refined well with B factors within the average of
neighbouring residues and there is a good fit to the final
electron-density map (Figure 6). After refinement, the ori-
entation of the sulphoxide group is such that its oxygen
atom is 3.3 Å away from the ND2 atom of Asn311 and the
sulphur is 4.4 Å away from the molybdenum atom.
It is well established that many MoIV complexes are able
to reduce the substrates of molybdenum oxotransferases
by oxotransfer reactions [50,51]. In particular, a model
system exists that is capable of reducing nitrate to nitrite
in a molybdenum-mediated oxotransfer reaction [4] and is
accompanied by the simultaneous oxidation of MoIVO to
MoVIO2 species [4,52]. The same model compound is able
to reduce quantitatively a number of sulphoxides, includ-
ing an N-substituted methionine sulphoxide [50]. Met308
sulphoxidation may be due to air oxidation at earlier stages
of the purification, and its reduction may be enzyme-cata-
lysed as a non-productive side reaction (Figure 7). This
methionine is totally conserved within the nitrate reduc-
tase group of enzymes (Figure 2) as well as in the E. coli
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Figure 6
Stereoview representation of the simulated
annealing omit map of the molybdenum
catalytic site and oxidised Met308 contoured
at 1.0σ and superimposed with the refined
model. Carbon atoms are shown in yellow,
sulphur atoms in green, nitrogen in blue and
oxygen in red; the molybdenum atom is
represented by a purple sphere. (Figure
prepared with TURBO-FRODO [33].)
FDH (Met297), where it is identically placed when com-
pared to the NAP structure. In fact, Met308 is quite close
to the Mo site and its sulphur atom is only 3.7 Å away from
the sulphur of Cys140, an Mo ligand (Figure 6). In this
region there is another conserved methionine residue,
Met141 (conserved in the nitrate reductase family but not
in FDH where it is replaced by His141); the sulphur atom
of this residue is 3.3 Å distant from the sulphur of Cys140.
Met141 is not oxidised. The thermodynamically feasible
reduction of nitrate by Met308 is unlikely for steric reasons,
suggesting that it does not occur during catalysis.
In the absence of crystallographic data for the reduced state
of NAP, a reaction mechanism is proposed on the basis of
established data either from model compounds or from
related enzymes. It was proposed by Wentworth [53] that
the minimal reaction unit MoIVO + NO3– ↔ MoVIO2 + NO2–
may occur in enzymes. EXAFS studies on nitrate reduc-
tase from Chlorella vulgaris [54] proved that the minimal
coordination unit is MoVIO2(SR)2,3 in the oxidised state
and MoIVO(SR)3,4 in the dithionite reduced state of the
enzyme. It has also been shown by isotopic labelling
experiments using 18O-enriched nitrate, that the oxotrans-
fer reaction occurs to the terminal oxo position of the
molybdenum catalytic species [55]. These observations
are in agreement with those described for the crystal struc-
ture of oxidised and reduced crystals of FDH from E. coli
[23], where a hydroxyl ligand present in the oxidised form
is absent in the reduced state of the enzyme. This lower
five-coordination number is commonly observed in MoIV
model compounds [55].
Therefore, we propose a mechanism for the reduction
reaction of nitrate to nitrite catalysed by NAP (depicted in
Figure 7). The reaction starts with the reduced form of the
enzyme, MoIVSCys(SR)4 (A). This state of the enzyme can
coordinate a nitrate molecule (B) leading to a weakening
of the N–O bond and facilitating the release of the
product nitrite. At this stage, Mo is oxidised to MoVI with
a bond to the oxo ligand originating from nitrate (C). In a
subsequent step, two protons must be transferred, proba-
bly from water molecules in the active-site cavity. This
cavity has enough space to accommodate one or two water
molecules and is accessible from the surface of the mol-
ecule. The oxidised form of NAP analysed in this study is
represented in (D). At this stage the oxidative half-cycle of
the reaction is completed. Subsequent transfer of two
electrons from the iron centre to the active site restores
the MoIV active state (A) of the enzyme. Met308 sulph-
oxide reduction represents a futile cycle in this scheme.
The proposed redox cycle must also involve, in different
ways, the participation of at least one of the two coordi-
nated pterins. The presence of only one pterin in MOP
(one MCD molecule) [20], in contrast to DMSORs
[21,22,42], FDH [23] or NAP, where two pterins (two
MGD molecules) are present, seems to indicate that only
one of them (MGD 812 in NAP or MGD 802 in FDH) is
directly involved in electron transfer to other redox centres.
The other pterin is apparently non-active in terms of elec-
tron transfer, although in FDH [23] and DMSOR [42]
structural changes are observed when comparing the oxi-
dised and reduced forms of the enzyme.
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Figure 7
Proposed reaction mechanism for the
reduction of nitrate to nitrite by NAP. The
oxidation of Met308 is considered as a non-
productive side-reaction (see text for details).
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To summarise, in all cases the cofactor plays a clear struc-
tural role anchoring the molybdenum centre in the core of
the protein matrix; it mediates the electron flow in and out
of the molybdenum centre, which shuttles between differ-
ent redox states. The relative proximity of other redox
centres ([2Fe–2S] in MOP and [4Fe–4S] in NAP and FDH)
facilitates an electron transfer route coupling the molybde-
num-centred reaction to the nearest redox-active centre. In
enzymes where two MGDs are present, they show different
coordination modes in the reduced versus oxidised states.
The change in conformation observed for the two pterins in
the oxidised and reduced states coincides with the different
coordination geometry around the molybdenum atom, with
changes in the Mo–S bond distances to one of the pterins.
Changes in the coordination geometry around the metal
atom upon reduction have also been reported for tungsten
model compounds ([WVIO2(mnt)2]2– and [WIVO(mnt)2]2–,
where mnt is 1,2-dicyanoethylenedithiolate) [46]. In the
simpler case of MOP, where only one pterin is coordinated
to the metal, it also has a role in the electron-transfer
pathway. In all of these enzymes, the cofactor itself modu-
lates the redox potential of the molybdenum centre and
may act as a potential electron carrier. 
Biological implications
The reduction of nitrate to nitrite forms part of the denitri-
fication pathway [1–3] and is catalysed by a heterogeneous
group of molybdoenzymes that are similar in subunit com-
position, active-site organisation and cell localisation.
Nitrate reductases can be broadly classified as assimila-
tory and dissimilatory [3,43]. Whereas the assimilatory
nitrate reductases have a catalytic molybdenum centre
similar to sulphite oxidase [24], the dissimilatory (or respi-
ratory) enzymes are related to the dimethylsulphoxide
reductase family of molybdenum-containing enzymes [43].
This work provides the first structure of a dissimilatory
nitrate reductase (NAP) isolated from Desulfovibrio
desulfuricans ATCC 27774. This sulphate-reducing bac-
terium is able to grow on nitrate by inducing the
enzymes responsible for the conversion of nitrate to
nitrite (NAP) and from nitrite to ammonia (nitrite
reductase). NAP is a monomeric enzyme and contains,
in a single polypeptide of 723 amino acids, a molybde-
num atom coordinated to one bis-molybdopterin guanine
dinucleotide (MGD) cofactor and a [4Fe–4S] cluster.
The molybdenum centre defines the active site of the
enzyme and is coordinated to the two dithiolenes of
MGD, Cys140, and a water/hydroxo ligand. An oxidised
Met308 residue, which is totally conserved within the
nitrate reductases and formate dehydrogenase families,
is found in the vicinity of the molybdenum atom.
A structural comparison of NAP with the formate dehy-
drogenase from Escherichia coli [23] reveals a similar
polypeptide fold and relative arrangement of the cofactors.
Materials and methods
Cell growth and protein purification
The D. desulfuricans ATCC 27774 cells were grown as described
previously [15], harvested in 10 mM Tris-HCl buffer in a 1:1 ratio
(weight:volume), pH 7.6, and passed through a Manton-Gaulin press at
9,000 psi. The extract was centrifuged at 10,000 × g for 1 h and then
at 180,000 × g for 1 h to eliminate the membrane fraction. The purifica-
tion procedure was adapted from the one published previously [14]
with modifications [15]. The activity was determined along the purifica-
tion process at each step [56,57] and the purity of the final homo-
genate was confirmed by polyacrylamide gel electrophoresis. Protein
concentration was estimated using the Lowry method [58] with bovine
serum albumin as a standard. The active nitrate reductase was distrib-
uted in small aliquots and stored at –70°C before use to avoid degra-
dation. N-terminal sequence determination and molecular mass estimation
of nitrate reductase were published earlier [15].
Measurement of the FDH activity of NAP was performed with formate
as a substrate and benzyl viologen as an electron acceptor. The mea-
surement was made at 30°C under argon atmosphere in capped
cuvettes with serum stoppers. 1 ml of the reaction mixture contained
10 mM sodium formate, 50 mM Tris-HCl buffer (pH 7.6), 20 mM dithio-
threitol, 7.5 mM benzyl viologen and 1–3 µM of NAP. All reagents were
degassed and flushed with argon before addition to the argon-filled
cuvette. Transfers were made using argon-filled gas tight syringes. The
enzyme was incubated for 10 min with all reagents of the reaction
mixture before anaerobic injection of sodium formate. The reduction of
benzyl viologen was followed spectrophotometrically at 555 nm
(ε555 = 12 mM–1cm–1) on a Shimadzu UV-265 FS spectrophotometer.
One unit of FDH activity was determined as the amount of enzyme
capable of reducing 2 µmol of benzyl viologen per minute.
Analysis of pterin nucleotides
Nucleotides were extracted from the dialysed nitrate reductase by
treatment with sulphuric acid (3% v/v) for 10 min at 95°C according to
published procedures [59,60]. Chromatography was performed using
a Merck L-7100 HPLC equipped with a UV detector L-7100 and com-
puter interface D-7000. Hydrolysed nucleotide peaks were quantified
at 254 nm. The mobile phase was ammonium acetate (HPLC grade)
50 mM, pH 6.8, at a flow rate of 1 ml min–1, using a Merck LiChorspher
100 (250 × 4) RP-18, 5 µm column. Quantitative determinations were
made with an injection volume of 50 µl from extracted nucleotides or
with fresh solutions of GMP (Sigma) submitted to identical treatment.
Eluted peaks were collected and dried using a speed-vac apparatus for
posterior analysis by electron spray mass spectrometry (ES-MS).
The quantitative analysis of extracted nucleotides from NAP gave a
content of 1.36 ± 0.1 GMP per mole of enzyme using area comparison
of peaks with identical retention times (11.6 ± 0.1 min) detected at
254 nm, obtained from four determinations of three different protein
batches. ES-MS of the collected nucleotides could not reveal a peak to
the corresponding mass of GMP. However, the ES-MS spectra of both
extracted and standard compound showed a base peak of 283.1 Da,
which does match the calculated mass of 283.24 Da for guanine.
Crystallisation and crystallographic data
Crystals of nitrate reductase were obtained as described elsewhere
[61] by vapour diffusion, using polyethylene glycol (PEG) 8K at pH 6.5
as precipitant. These crystals grow overnight at room temperature to
0.2 × 0.2 × 0.2 mm3, and to a maximum size 0.8 × 0.3 × 0.2 mm3 in
three to five days. The crystals are very sensitive to radiation and
rapidly lose diffraction power, requiring cryo-techniques throughout
data collection.
The crystals belong to space group P3121 with unit-cell dimensions
of a = b = 106.1 Å and c = 134.8 Å. The solvent content is approxi-
mately 55%, assuming one monomer of NAP per asymmetric unit
(VM = 2.75 Å3 Da–1) [62].
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Data collection and processing
X-ray diffraction data for MAD phasing were collected on a X-ray imaging
plate system (MAR Research, Hamburg) at the synchrotron wiggler
beamline BW6 at DORIS (HASYLAB, DESY, Hamburg, Germany).
Data from one single crystal frozen at 100K, were collected for MAD
experiments, using synchrotron radiation with wavelengths comprising
the Fe–K absorption up to 1.75 Å resolution. Statistics of the MAD
data sets are listed in Table 1. Considering the negligible effects of
radiation damage at low temperature, we collected complete data sets
for Friedel mates through continuous rotation ranges at one wave-
length before proceeding to the next wavelength. The data at differ-
ent wavelengths were processed with the programs DENZO and
SCALEPACK [63], and then scaled together with CAD and SCALEIT
from the CCP4 package [36].
As a first step, an X-ray fluorescence spectrum was recorded in the
vicinity of the Fe–K absorption edge using a NaI (Tl) scintillation
counter. Evaluation of the spectrum with DISCO [64] resulted in the
anomalous dispersion terms f′ and f′′, as a function of photon energy.
Subsequently, diffraction data were collected at three different wave-
lengths using a MAR-Research image plate detector. Two of them,
1.7219 Å (7200 eV) and 1.7389 Å (7130 eV), correspond to the
maximum f′′ and minimum f′ values, respectively. The third, 1.1 Å
(11271 eV) was chosen for scaling purposes and to obtain data to
high resolution (1.75 Å). Rotation data were recorded in frames of
1.0° (Fe–K edge), 1.3° (low-resolution data at 1.1 Å) or 0.9° (high-res-
olution data at 1.1 Å) each through a continuous angular range of 40°
followed by another continuous range of 40° for measuring Friedel
opposites in inverse beam geometry.
The data were processed and scaled with DENZO/SCALEPACK soft-
ware [63], resulting in one data set for each wavelength (Table 1). For
the resolution shells between 1.90–1.75 Å, diffraction spots were still
observed with completeness above 86%, but the Rmerge was between
60–70% and the data for those resolution shells were discarded for
refinement purposes.
The data sets were then scaled together with the CCP4 package and
anomalous and dispersive Pattersons were calculated and cross-vector
verification was performed using RSPS (from CCP4 package) [36,65].
Extraction of phase information from MAD data
Anomalous and dispersive difference Patterson synthesis were calculated
from each of the MAD data sets. All showed strong Harker peaks for the
[4Fe–4S] cluster. Using the program RSPS [65], the centre of gravity of
this cluster was derived. However, it was not possible to determine the
positions of the four single Fe atoms using either Patterson methods
(RSPS [65] and SHELXL [66]) or either direct methods (SHELXL [66]). 
The orientation of the cluster was then determined in a three-dimen-
sional grid search using the rigid-body Patterson correlation refinement
routine of X-PLOR [27] and the coordinates of the [4Fe–4S] cluster
from the aldehyde ferredoxin oxidoreductase (PDB entry 1AOR) [25].
Several start positions were created by rotating the model cluster in
steps of 15° at the origin around each of the three Cartesian axes and
placing of the pre-oriented cluster at its determined centre of gravity.
Each of the resulting models containing the four Fe atoms was refined
against squared dispersive or anomalous differences, as described
above. For an optimal signal over noise ratio the anomalous differences
were obtained from the f′′ maximum data set while the dispersive differ-
ences were calculated from the f′ minimum and the reference data sets.
The refined models from various initial orientations showed a clear clus-
tering of solutions with consistently high Patterson correlation values
and virtually identical coordinates for the four Fe atoms when the Pat-
terson correlation refinement was carried out using the dispersive dif-
ferences. No such clustering was observed when the anomalous
differences were used.
Solving the [4Fe–4S] cluster orientation was a major step that enabled
us to overcome the low-resolution phases (3.5 Å) obtained when only
the cluster position was used.
The positions of the four individual Fe atoms were included and phases
were initially calculated up to 2.27 Å from the three MAD data sets
using the program SHARP [67]. An initial phase calculation using the
four Fe positions showed a strong difference Fourier density peak that
was identified as the Mo atom of the molybdopterin cofactor. After
closer inspection, a corresponding peak was also found in the anom-
alous, but not in the isomorphous, difference Patterson synthesis as
expected for this element which shows only a significant f′′ contribution
at the sampled wavelengths.
The final phases were calculated using the four Fe and the Mo atoms
together with their corresponding f′′ and f′ values and phases were
generated in both space groups P3121 and P3221. The electron-
density map was calculated with FFT from the CCP4 suite of programs
[36], using phases obtained from SHARP [67]. 130 cycles of solvent
flattening were performed with the program SOLOMON [68] using the
corresponding interface in SHARP and assuming 55% solvent content.
Electron-density maps were generated in both possible space groups
and the space group ambiguity was resolved in favour of P3121 after
visual inspection of these maps. Density modification was performed
using SOLOMON [68] or DM [37], but the first gave clearer maps. The
results of the phasing calculations are summarised in Table 3.
Sequencing and cloning of napA from Desulfovibrio
desulfuricans
Sequenced peptides of D. desulfuricans NAPA were aligned to the
sequences of NAPA from E. coli and A. eutrophus, FDH from M. formici-
cum and the assimilatory nitrate reductase NarB from Synechoccocus
PCC7942. The N-terminal peptide of the mature protein, starting at posi-
tion 1 of the alignment (Figure 2) was used to construct the first degener-
ate primer NR5F. By allocating the peptide fragments MHSMAW and
VIINEE (in single-letter amino acid code) to the positions 229–240 they
could be combined and used to design the degenerate primer NR228F
and the degenerate reverse primer NR240R. The peptide FANNL was
allocated to the positions 318–322 of the alignment and the preceding
12 amino acid residues interpreted from the preliminary electron density.
Although four of these residues turned out to be different when the final
sequence was determined, the designed reverse primer NR321R could
be successfully used for PCR. Using the same procedure primer
NR474R was designed. Again five out of these 12 residues could not be
reliably interpreted from the electron-density map, but nevertheless the
primer could be used for PCR. The degenerate primers — containing
inosine (I) in cases of fourfold degenerate positions — were as follows:
NR5F 5′-CCI GA(AG) AA(AG) TGG GTI AA(AG) GGI GTI TG(CT)
(AC)GI TA(CT) TG(CT) GGI ACI GGI TG(CT) GG-3′, NR228F 5′-TGG
ATG CA(CT) (AT)(GC)I ATG GCI TGG GTI AT(ACT) AT(ACT) AA(CT)
GA(AG) GA-3′, NR240R 5′-TC(CT) TC(AG) TT(AGT) AT(AGT) ATI
ACC CAI GCC ATI (GC)(AT)(AG) TGC ATC CA-3′, NR321R 5′-
AG(AG) TT(AG) TTI GC(AG) AAI ACI CC(AG) TGI GTI C(GT)(CT)
TG(AG) TTC ATI CCC ATI GTC CA-3′ and NR474R 5′-TCI CC(AG) TTI
CC(AG) TAI GTI CC(CT) TC(CT) TT(CT) TCI (GC)(AT)C CA(AG) AAI
GCA GGI GG-3′. Using Taq DNA polymerase (Sigma) and entire cells of
D. desulfuricans as template, all the expected PCR products could be
obtained. The annealing temperatures were optimised in the range
between 46°C and 54°C to achieve the highest yield for each primer
combination. The PCR products were directly sequenced using an auto-
mated DNA sequencer (model 373, Applied Biosystems, Forster City,
USA) and the PRISM ready reaction dye deoxy terminator cycle
sequencing kit (Applied Biosystems, Forster City, USA). From the
obtained DNA sequences, the inverse primers NRIP1 5′-GCA CAG
CAG GCC TGC ATT ATG GTT GTT GGG G-3′ and NRIP2 5′-CCA
ACC TGA ACA AGG TGC ACA AGG CCA TGT CCC-3′ were con-
structed. An aliquot (5 µg) of genomic DNA from D. desulfuricans were
digested with the restriction enzymes BamHI, SalI, NheI and NheI/XbaI in
a volume of 20 µl each. After overnight incubation the enzymes were
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heat-inactivated for 20 min at 70°C, except the BamHI digest, which was
purified using a spin column (Qiagen, Hilden, Germany). Ligation was
performed using T4 DNA ligase for 16 h at 16°C in total volumes of
100 µl. Using these templates and Pwo DNA polymerase (Boehringer-
Mannheim, Mannheim, Germany), PCR products of about 550 base pairs
(bp) and 770 bp were obtained from the BamHI sample and 1300 bp
from the NheI as well as from the NheI/XbaI sample. The PCR products
were directly sequenced giving the entire sequence of the napA gene
including the flanking DNA sequences, containing the periplasmic leader
peptide as shown in the alignment (Figure 2). By comparison of the
N-terminal peptide sequence with the leader sequences of the aligned
NAPA proteins it was concluded that the second methionine of the open
reading frame (position 1 of the alignment) must be the start methionine.
Therefore, the homologous primers Nit3 5′-GGT TGA ACA GTC GAC
AAT GAG TAC TTC ACG-3′ and Nit4 5′-TAC CCC CGT CGA CTT
ACT ATG CCT TGC GCA CGC GCG-3′ including the start-methionine
codon and additional SalI restriction sites were constructed. These
primers were used for cloning the napA gene from independent PCR
experiments into the vector pET12a for initial expression experiments.
Due to a better proofreading activity, the PCR was performed with Pfu
DNA polymerase. Different clones were isolated and sequenced on both
strands to confirm the DNA sequence of the napA gene. (The napA DNA
sequence has been deposited in the EMBL sequence database with
accession code Y18045.)
Model building and refinement
For graphical interpretation of electron density, we used the software
packages O [29] and FRODO [30], and MAPMAN BONES [28] for
the initial electron-density skeletonisation.
The model was refined to 1.9 Å resolution using X-PLOR [31], with the
parameter set of Engh and Huber [32]. Although the crystals diffracted
to beyond 1.75 Å, the data processing statistics were only significant
up to 1.90 Å, with an Rmerge for the intensities between 1.90–1.75 Å of
60–70%, and this last shell was discarded for refinement purposes.
Topology and parameter files for the molybdenum cofactor were created
using XPLO2D [69] and the initial coordinates of MCD from MOP [20],
which was later modified for replacement of the cytosine with guanine. 
The coordinates for the oxidised methionine Met308 were taken from a
CSD search for a methionine sulphoxide derivative [49], for creating
topologies and parameters, and this modified methionine was included
in the final NAP model.
The hydrogen bonds between the MGD cofactors and the protein were
analysed using HBPLUS [70] and LIGPLOT [71]. Indicated hydrogen
bonds were chosen according to distance and angle criteria using the
standard parameters in HBPLUS. The final picture was redrawn for
clarity using a chemical structure drawing program.
Accession numbers
The atomic coordinates have been deposited in the Brookhaven Protein
Structure Database with accession code 2nap.
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